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Abstract (U-Th)/He geochronology and cosmogenic 3He in iron oxides reveal mineral precipitation ages
as old as 55 Ma and exposure ages greater than 5 Ma for canga-cemented plateaus in the Quadrilátero
Ferrífero, Brazil, showing that lateritic proﬁles overlying banded iron-formation (BIF) landscapes in tropical
regions have a long history of surface exposure. The long-term erosion history obtained from cosmogenic
3He on BIF plateaus conﬁrms that relic surfaces persist in the landscape for millions of years. Combined 3He
and (U-Th)/He dating shows that cangas are preferentially goethite cemented by biogeochemical reactions in
the subsurface. Importantly, pebbles of hematite-magnetite in colluvia or shallow creeks draining the
canga-cemented plateaus record a much longer exposure history than in situ canga blocks, showing that
even older duricrusts, now eroded, once blanketed these plateaus. Physically stable but biogeochemically
dynamic, cangas armor the landscape by pervasive and recurrent iron cycling and cementation, slowing
down the delivery of weathered BIF or friable hematite–magnetite ore to erosion.
1. Introduction
In geomorphology, weathering is often portrayed as the combination of physical, chemical, and biological
processes that turn bedrock into erodible material (e.g., Braun et al., 2016; Tucker & Hancock, 2010; Tucker
& Singerland, 1994). The rate of delivery of this erodible material to drainage systems ultimately controls land-
scape evolution (Carson & Kirkby, 1972). In fast evolving landscapes, the weathered blanket is quickly eroded,
and this effective transfer of physical and chemical sediments to the drainage system is particularly pro-
nounced in active tectonic environments (e.g., Himalaya, Vance et al., 2003; San Gabriel Mountains, CA,
DiBiase et al., 2010, and references therein). The role of chemical and physical weathering in shielding land-
scapes against erosion is less well-appreciated.
Canga, an iron duricrust that caps weathered banded iron-formations (BIFs), is essentially a shallow karstic
breccia derived from signiﬁcant mass loss during BIF weathering. This breccia is shaped by biologically and
gravity-driven mechanical processes that allow material to move vertically up-and-down within the canga
proﬁle. In addition, biologically driven mineral dissolution-reprecipitation allows the brecciated material to
be recemented repeatedly through time (Monteiro et al., 2014). Field inferences (King, 1956; Twidale,
1956), 40Ar/39Ar geochronology (Carmo & Vasconcelos, 2004; Spier et al., 2006; Vasconcelos et al., 1994),
and (U-Th)/He geochronology (Monteiro et al., 2014; Shuster et al., 2005, 2012) show that cangas blanketing
weathered BIFs in cratonic landscapes constitute some of the longest-lived continuously exposed land
surfaces on Earth. The chemical and physical weathering processes that form these duricrusts may impede
erosion instead of helping the delivery of disaggregated bedrock to the drainage system (Vasconcelos,
1999). If true, physical and chemical weathering may function in exactly the opposite way as portrayed in
physical landscape models (e.g., Tucker & Hancock, 2010; Tucker & Singerland, 1994). Therefore, understand-
ing this moderating effect of weathering in sediment production is essential in quantifying and modeling
landscape evolution in cratonic environments.
Cosmogenic 3He concentrations generated by spallation reactions on Fe and O in Fe-oxyhydroxides and
(U-Th)/He precipitation ages (pAs) for those minerals may help to unravel the role of supergene iron cycling
in slowing down erosion and armoring landscapes (Monteiro et al., 2014; Shuster et al., 2012). For example,
(U-Th)/He pAs for supergene goethite cementing cangas at Carajás, Pará, and the Quadrilátero Ferrífero (QF),
Minas Gerais, Brazil, reveal that duricrusts began forming some time before ~60 Ma (Monteiro et al., 2014;
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Shuster et al., 2005, 2012). Canga longevity is independently conﬁrmed by cosmogenic isotope results
(Fujioka et al., 2010; Shuster et al., 2012). At Carajás, cosmogenic 3He concentrations in hypogene hematite
fragments and associated supergene goethite cements show that canga-blanketed surfaces erode very
slowly (0.13–0.46 m.Ma1) over tens of millions of years (Shuster et al., 2012). Cosmogenic 53Mn concentra-
tions in these iron oxides also suggest a long exposure history under very low rates of erosion (Fujioka
et al., 2010).
These previous (U-Th)/He and cosmogenic isotope results conﬁrm the longevity of iron duricrusts, but they
do not provide information on the mechanisms linking the advance of weathering fronts at depth to the
delivery of clastic material to the drainage system at the surface. Measuring both (U-Th)/He ages and cosmo-
genic 3He concentrations is a powerful way of determining when, where (surface versus subsurface), and how
goethite cementation takes place. This information permits resolving age, depth of precipitation, and history
of shallow burial and exhumation of goethite cements, improving our understanding of the processes
controlling canga evolution and armoring of landscapes.
In this study, we measure concentrations of cosmogenic 3He in supergene goethite cements, in hematite-
magnetite clasts embedded in duricrusts, and in hematite-magnetite ± goethite pebbles eroded from
canga-armored plateaus at Serras da Moeda, Serrinhas, and Gandarela, Quadrilátero Ferrífero, Minas Gerais,
Brazil (Figure 1). We also combine previously determined pAs for goethite veins in saprolites, fragments of
goethite veins cemented into cangas, and goethite cementing the cangas (n = 157) with new ages for addi-
tional cements (n = 138). The combined (U-Th)/He and cosmogenic 3Hemethods reveal a history of BIF partial
dissolution, fragmentation, translocation, local transport, re-cementation, possible shallow reburial and reex-
humation, and very slow physical erosion by surface degradation and scarp retreat.
2. Geology and Geomorphology of the Quadrilátero Ferrífero
The Quadrilátero Ferrífero (QF), an ~7,000 km2 region within the São Francisco craton, southeastern Brazil,
comprises deeply weathered Archean and Proterozoic metavolcanics, metapelites, metaconglomerates,
quartzites, BIFs, and carbonates (Alkmim & Marshak, 1998). Paleoproterozoic (Transamazonian) and
Neoproterozoic to Cambrian (Brasiliano) tectonism (Chemale et al., 1994) promoted magmatism, greenschist
to amphibolite grade metamorphism, and deformation of the supracrustal rocks into large-scale synclines
and anticlines (Dorr, 1969). Tectonic activity after ~500 Ma is only detectable by thermochronology (Carmo
et al., 2004) or surﬁcial features (e.g., abrupt changes in drainage proﬁles) (Magalhães & Saadi, 1994), suggest-
ing that this is a relatively stable part of the São Francisco craton. Apatite ﬁssion track thermochronology
reveals that regional exhumation started at ~180 Ma, before the opening of the Atlantic Ocean (Carmo et al.,
2004; Kohn et al., 2016).
Geomorphologically, the QF is bounded by elevated quartzite and BIF plateaus and ridges (Caraça,
Gandarela, Moeda, Curral, Serrinhas, and Ouro Branco) ranging from 2,100 to 1,100m, incised by steep valleys
and surrounded by lower elevation (500–800 m) convex hills (the “Mar de Morros” or “Sea of Hills” of
Ab’Saber, 1966) (Figure 1a). The highest elevations in the QF are underlain by quartzites on the eastern mar-
gin (Serra do Caraça), but we focus our investigation on plateaus and ridges formed primarily on BIFs in the
central and western (Gandarela, Moeda, and Serrinhas) parts of the QF (Figure 1). Modern drainage in the QF
(e.g., Rio das Velhas) preferentially incises into schists, phyllites, granites, and gneisses, while granitic-gneissic
units underlay the surrounding “Mar de Morros” landscape (Figure 1a).
Climate in the QF is humid subtropical (ranging from Cwa to Cwb in Köppen-Geiger’s classiﬁcation) with
annual rainfall between 1,300 and 1,600 mm (Alvares et al., 2013), a wet season from November to April,
and a dry season from May to October. All rivers in the region are perennial, except for small creeks draining
the highest-elevation plateaus, which are intermittent and ﬂow torrentially only during and immediately after
summer storms. Water analysis for a natural spring (“Nascente da Mina”) at the Pico Mine (Serra das Serrinhas,
Figure 1) shows neutral (pH = 7.12), moderate salinity (TDS = 197 mg.L1), low dissolved oxygen (3.7 mg.L1),
Ca- and Mg-rich (78 and 20 mg.L1, respectively), and bicarbonate-buffered (68.9 mg.L1) waters devoid of
dissolved Fe (<0.01 mg.L1). Vegetation ranges from tropical to subtropical rainforest in most of the region,
except areas underlain by iron duricrusts or deeply weathered quartzites, which host endemic epilithic
(“rupestre”) vegetation (Jacobi et al., 2007).
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40Ar/39Ar ages obtained for the deeply weathered proﬁles in the QF (Carmo & Vasconcelos, 2004; Spier et al.,
2006) suggest a surface exposure and weathering history already ongoing by the end of the Cretaceous
(~70 Ma). These ancient weathering proﬁles are overlain by Fe duricrusts, which probably began armoring
the landscape with the onset of weathering (Monteiro et al., 2014; Shuster et al., 2012). Depth and lateral
continuity of the duricrusts vary across the region, where the highest-elevation plateaus are capped by the
deepest (up to 70 m according to Carlos et al., 2014) and most continuous canga blankets (e.g., Serra do
Gandarela, Figure 1b) (Baltazar et al., 2005a). Low-elevation plateaus are overlain by intermittent and
shallower cangas (up to 30 m) (e.g., Serra da Moeda, Figure 1b) (Baltazar et al., 2005b, 2005c), whereas the
narrowest and mostly discontinuous ridges are blanketed by intermittent cangas (e.g., Serra das Serrinhas,
Figure 1b) (Baltazar et al., 2005b, 2005c). Rills incised into plateaus and carving their shoulders contain
transported fragments of eroded duricrusts (Figures 2a–2e). Saddles between plateaus contain colluvia
hosting fragments of ancient duricrusts that were eroded, transported to lower parts of the landscape, and
recemented (Figure 2f).
3. Methods
Fragments of canga and hematite-magnetite ± goethite clasts and pebbles were collected at the surface
from eight pristine sites, unaffected by mining, along the Serras da Moeda, Serrinhas, and Gandarela
(Figures 1–3). Goethite veins were collected from mine sites or roadcuts exposing saprolites at lower eleva-
tions (Figure 3f). Canga blocks and goethite and hematite-magnetite ± goethite pebbles were collected in
situ and from colluvia, transported cangas, or shallow channels draining the plateaus (Figures 1–3). In order
to test the reproducibility of results for duplicate samples and to test the distribution of cosmogenic 3He with
Figure 1. The (a) digital elevation model and (b) topographic cross section (A-B) depicts the BIF landscape and shows the
most prominent regional landscape features (1 = Serra da Moeda; 2 = Serra das Serrinhas; 3 = Serra do Gandarela; 4 = Serra
do Curral; 5 = Serra do Ouro Branco; and 6 = Serra do Caraça) in the Quadrilátero Ferrífero (QF) and adjacent regions,
Minas Gerais, Brazil. The interior of the QF is dissected by the das Velhas River and its tributaries, and low-elevation convex
hills dominate the surrounding “Mar de Morros” landscape. Schematic and simpliﬁed geological cross sections
(Carlos et al., 2014; Spier et al., 2006, 2008, 2003) plotted on the topographic proﬁle illustrate that weathering proﬁles as
deep as 250 m are capped by continuous or intermittent cangas. The approximate location of cangas and
hematite–magnetite pebbles investigated in this study is shown.
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Figure 2. (a) Undulating plateau surfaces are underlain by canga blankets that undergo erosion by rill incision and scarp
retreat at plateau edges. (b) The canga blanket shows a complex history of goethite cementation, fragmentation, and
recementation. (c) Partial dismantling of the canga blanket generates a (d) colluvial layer composed of loose fragments of
hematite-magnetite ore and transported canga blocks that provide useful material for cosmogenic 3He quantiﬁcation.
(e) Fragments of massive goethite veins cemented into canga and (f) fragments of canga in colluvium yield some of the
oldest (U-Th)/He results in this study.
Journal of Geophysical Research: Earth Surface 10.1002/2017JF004282
MONTEIRO ET AL. LANDSCAPE ARMORING BY IRON CYCLING 301
Figure 3. (a) The higher-elevation and more extensive Gandarela plateau is underlain by the thickest and most continuous
canga blanket in the region (Baltazar et al., 2005a; Carlos et al., 2014). (b) Boulders of canga covered in lichen and protruding
20–50 cm from the surface reveal the mechanisms (biogeochemical dissolution and physical disaggregation) partially
responsible for the very slow destruction of cangas. (c) Fragments of canga or (d) hematite-magnetite ore cemented in
cangas were microdrilled for quantifying the vertical concentration of 3He. (e) Cobbles and pebbles of hematite–magnetite
ore in transported cangas on top of the Gandarela plateau suggest the existence of a paleo drainage system above the
present topographic level. (f) Veins of goethite in saprolite provide some of the oldest goethites dated in this study.
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depth, two canga blocks (~ 15 × 15 cm), collected at ~5 km from each other at slightly different elevations on
the Gandarela plateau (Figures 1 and 3a–3d), were drilled (2 cm (ID) × 7 cm long drill bit) and the cores sliced
every half or 1 cm.
Goethite grains for (U-Th)/He geochronology were selected, prepared, and analyzed following procedures
outlined in Monteiro et al. (2014). Samples for 3He measurements were prepared in three ways: (1) crushing
canga blocks and picking massive goethite and hematite fragments; (2) microdrilling (5 mm (ID) diamond
drill bit) canga-cemented hematite clasts; and (3) microdrilling rounded loose pebbles of hematite collected
from plateau surfaces or within small channels draining the plateaus. Canga fragments and drill cores were
crushed, sieved, ultrasonically cleaned, washed with acetone or absolute ethanol, and air dried. For themicro-
drilled samples, magnetic separation was used to isolate magnetic from nonmagnetic fractions. The mag-
netic fraction, composed mostly of hypogene magnetite-hematite, was preferentially selected for 3He
analyses. Representative aliquots of goethites selected for geochronology and cosmogenic 3He measure-
ments were mounted in epoxy disks, polished, and investigated by optical and electron microscopy. A sepa-
rate aliquot was powdered and studied by X-ray diffractometry (XRD). Mineralogical investigation followed
procedures outlined in Monteiro et al. (2014).
(U-Th)/He geochronology followed procedures outlined in Shuster et al. (2005), Vasconcelos et al. (2013), and
Monteiro et al. (2014). Isothermal holding time modeling conﬁrms that most goethites retain more than 80%
of their radiogenic He budget throughout their lifetime (Heim, et al. 2006; Waltenberg, 2012; Vasconcelos,
et al., 2013), suggesting that the error propagation used in this study (adding 10% to the age and imposing
a ±10% uncertainty) provides a reasonable estimation of the precipitation ages for the grains analyzed.
Dating multiple aliquots may help to identify and eliminate obvious outliers associated with the possible pre-
sence of hypogene contaminants (Monteiro et al., 2014), further suggesting that the (U-Th)/He results record
ages of mineral precipitation. The coexistence of several goethite generations in a single grain may result in
mixed ages, a difﬁcult problem to obviate.
Between ~5 and 50 mg of sample were loaded in Sn foil packets and degassed at 1200°C in a resistance fur-
nace. Reextracts were performed to assure complete gas extraction. Analytical procedures are described else-
where (Amidon & Farley, 2011; Patterson & Farley, 1998).
To calculate apparent exposure ages for each sample, we used a sea level high-latitude 3He production rate
of 68.1 ± 8.1 atoms g1 yr1 for hematite, 71.5 ± 8.5 atoms g1 yr1 for goethite (Shuster et al., 2012), and
64.7 ± 7 atoms g1 yr1 for magnetite (~5% less than P 3He for hematite, as suggested by Masarik, 2002) cor-
rected for latitude and elevation following procedures outlined in Stone (2000). For samples containing more
than one mineral, we estimated the relative proportions of each species by petrographic observation of
representative aliquots and calculated total 3He production based on the proportions of each mineral phase.
As some samples show evidence for continuous exposure (discussed below), we cast the same results in
terms of erosion rates by using an average density of 2.88 g/cm3 (Santos, 2006) for cangas and calculate
erosion rates ( _e in g/cm2/yr) as _e ¼ PΛ=N, where P is the production rate (atoms/g/yr), Λ is an attenuation
lengthscale (160 g/cm2), and N is the nuclide concentration (atom/g) measured at the surface (Lal, 1991).
For goethite samples where (U-Th)/He ages suggest recrystallization in the more recent past, only the oldest
exposure ages (or slowest erosion rates) are relevant. Similarly, magnetite–hematite grains may contain areas
partially recrystallized to goethite, which potentially results in partial 3He loss. Therefore, we interpret all
results as minimum values and refer to all results as apparent exposure ages (aEA).
4. Results
4.1. Mineralogy
Goethite, hematite, martite (hematite pseudomorph after magnetite), and magnetite are the Fe-bearing
phases identiﬁed by optical microscopy, XRD, and SEM investigation of samples used in this study.
Hematite and magnetite are often partially altered to goethite (Figures 4a and 4b). Pure goethite masses
commonly show evidence of several generations intimately intergrown (Figures 4c and 4d); goethite masses
may also contain small amounts of supergene gibbsite and rarely quartz. Goethite often shows evidence of
ferruginized tree roots and bacterial fossils, attesting to the strong role of the biota in iron cementation
(Levett et al., 2016; Monteiro et al., 2014).
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4.2. (U-Th)/He Ages
We report new and previously published (Monteiro et al., 2014) (U-Th)/He goethite precipitation ages (pAs)
(n = 157). New goethite (U-Th)/He results come from plateau surfaces (n = 86), detrital canga fragments
deposited in colluvia (n = 19), and saprolites (n = 30) (Table 1; Figures 5 and 6). Goethites cementing cangas
at Serra do Gandarela yield, on average, older results (53.2–0.8 Ma, n = 104) than those obtained for goethites
from Serra da Moeda (37.9–0.4 Ma, n = 49) and Serra das Serrinhas (24.3–0.4 Ma, n = 77) (Table 1; Figure 5a).
Goethites from saprolites at the three sites are, on average, older than goethite cements from cangas (Table 1;
Figures 5a and 6).
4.3. Cosmogenic 3He Concentrations, Minimum Surface Exposure Ages, and Erosion Rates
Fifteen goethite samples previously dated by (U-Th)/He and 60 hematite-magnetite-martite samples were
analyzed for cosmogenic 3He. Most samples yield signiﬁcant concentrations of 3He (Table 2), which we inter-
pret to be cosmogenic (Shuster et al., 2012). Hematite-magnetite and martite grains yield higher 3He
contents than coexisting goethite cements (e.g., samples 1A, 1B, and 1C; Table 2), but signiﬁcant 3He concen-
trations also occur in goethite grains (e.g., sample 21; Table 2). Interestingly, a single canga block may display
a signiﬁcant range of 3He concentrations, as illustrated by the results obtained along 7 cm long, 2 cm wide
drill cores from samples G1201 and G1209 (Table 2; Figure 7). Detrital fragments and pebbles show 3He con-
centrations larger than or equal to those measured from immediately adjacent and partially dismantled
canga blocks (Figures 5a and 5c; Table 2).
When cast in terms of apparent exposure ages (aEA), the 3He results reveal that the thicker and more laterally
continuous canga blankets at Gandarela record a longer exposure history than the thinner and intermittent
cangas at Serras da Moeda and das Serrinhas (Figure 5; Table 2). But the longest aEAs were obtained for
hematite-magnetite clasts eroded from cangas and pebbles collected in colluvia or creeks draining the
plateaus (Figures 5a and 5c; Table 2).
Figure 4. Photomicrographs of representative samples used in 3He measurements reveal (a, b) the complex mineralogy
(Hem = hematite, Mag = magnetite, and Gth = goethite) and (c, d) several generations of goethite (Gth 1, Gth 2)
showing BSE contrast between ﬁrst-generation dark cryptocrystalline Al-rich and porous goethite and bright bands of
microcrystalline (20–30 μm long) Al-poor densely packed goethite. (c, d) The colloform nature of the goethite cements
record the duration of mineral precipitation.
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5. Discussion
We interpret all (U-Th)/He data in this study as precipitation ages, with age variability for a sample
indicating the presence of multiple goethite generations (Monteiro et al., 2014). The relatively large
sample population (291 (U-Th)/He pAs and 75 cosmogenic 3He aEAs) provides a robust data set that
allows addressing the histories of weathering, exposure, and erosion of the three distinct Quadrilátero
Ferrífero landsurfaces (Gandarela, Moeda, and Serrinhas).
Cangas on the Gandarela plateau (Figures 1, 3a, and 5a), which are much deeper (up to 70 m) and more
continuous (Baltazar et al., 2005a) than cangas on other plateaus, record signiﬁcantly longer exposure
(average aEAs = 3.5 ± 0.9 Ma, max = 5.4 ± 0.6 Ma, n = 24) and weathering (pAs of 53.2 to 0.8 Ma,
n = 102) histories. Detrital grains collected on top of the Gandarela plateau, next to in situ cangas, yield
aEA results compatible with those obtained from coexisting cangas (e.g., average = 2.8 ± 1.0 Ma,
max = 4.2 ± 0.5 Ma, n = 11). Pebbles from creeks draining the plateau, at lower elevation sites, yield much
longer aEAs (average = 6.2 ± 2.3 Ma, max = 10.9 ± 1.2 Ma, n = 9). The results suggest that, once released
from the canga, hematite-magnetite clasts travel very slowly through and out of the plateau.
At Serra da Moeda, the canga blanket is thinner and discontinuous relative to Gandarela (Baltazar et al.,
2005b, 2005c). The aEAs (average = 1.8 ± 0.3 and max = 2.0 ± 0.2 Ma, n = 3) and (U-Th)/He pAs
(38–0.4 Ma, n = 48) reveal the relatively recent exposure of an old canga blanket. Detrital hematite blocks
accumulated on scree wash surrounding the canga outcrops, only ~5 m topographically below the sum-
mits underlain by cangas, yield much larger aEAs (average = 8.6 ± 2.8 Ma, max = 10.6 ± 1.3 Ma, n = 2).
At Serra das Serrinhas, the fragmentary canga on the narrow and isolated ridges are young ((U-Th)/He
pAs of 24.3–0.4 Ma, n = 78) and more recently exposed (average aEA = 1.8 ± 0.8 Ma,
max = 3.8 ± 0.5 Ma, n = 13).
The cumulative concentration of cosmogenic isotopes in a canga sample probably does not record uni-
form exhumation, but it records a minimum exposure history as a mineral grain is uncovered and
released (possibly several times) by partial mechanical breakdown of the canga, translocates back down
into the proﬁle, and eventually returns to the surface by physical erosion of the overlying material (e.g.,
Shuster et al., 2012). This complex history of exposure and shielding from cosmic rays suggest that our
aEAs, which assume continuous exposure at the surface and no erosion, most likely underestimates the
amount of time a sample has interacted with cosmic rays within the uppermost 2 m. Therefore,
cosmogenic 3He results (Table 2) suggest that the canga-covered plateaus at the QF have been exposed
at the surface for at least 5.5 Ma, probably much longer.
Another important result is that cosmogenic 3He concentrations for a given surface or even a single
canga block may display a large range (Table 2). Two canga blocks (Figure 7) collected at slightly differ-
ent elevations on the Gandarela plateau, approximately 5 km apart (Figures 1b, 3d, and 5a; Table 2), yield
quite distinct 3He concentrations but similar depth proﬁles, which suggest that the two blocks share a
relatively simple history of continuous and protracted exposure at the surface. The block from the
higher-elevation site (G1209) shows a longer exposure history and greater scatter in measured 3He than
the second block. 3He scatter may reﬂect partial recrystallization of hematite-magnetite to goethite
(Figures 4a and 4b). The coarser-grained (425–850 μm) magnetic fraction analyzed from block G1209
(Table 2) may contain a greater proportion of grains composed of mixtures of hematite-magnetite ±
goethite than the ﬁner-grained (150–425 μm) magnetic fraction analyzed for block G1201. The
better-behaved 3He proﬁle for block G1201 suggests that targeting the ﬁner-grained magnetic fraction
is the most suitable approach for quantifying cosmogenic 3He in Fe duricrusts.
In addition to some scatter, both vertical proﬁles show a slight depletion in the expected 3He
concentrations for the grains closest to the surface, suggesting possible 3He loss by partial mineral
dissolution-reprecipitation or by diffusive 3He loss during bush ﬁres. Petrographic observation and
XRD analysis conﬁrm that goethite is more abundant in the samples closest to the surface (35–45% as
opposed to 25–30% in the middle of the core) and show that hydration of hematite-magnetite to
goethite near the surface is partially responsible for 3He loss (Figure 7). Lichens growing on the surface
of canga blocks (Figures 3b–3d) facilitate weathering (Banﬁeld et al., 1999) and near-surface water reten-
tion, driving the biogeochemical reactions that transform hematite-magnetite into goethite and partiallyT
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Figure 5. (a) Diagrammatic illustration of the QF landscape show that ridges and plateaus are blanketed by deeper and more continuous (Gandarela) or shallower
(Moeda) and discontinuous (Serrinhas) canga blankets. Veins within saprolites and transported canga and colluvia on plateau surfaces and shoulders host some of
the most ancient goethite cements dated in this study. (a, b) Apparent exposure ages (aEAs) measured from cosmogenic 3He concentrations show that higher-
elevation plateaus (Gandarela) have a longer history of exposure than lower elevation plateaus (Serrinhas and Moeda). (c) Pebbles collected on plateau summits and
in streams draining the plateaus show the longest exposure histories, revealing that erosion of hematite blocks from the plateaus is a very slow process.
Figure 6. Histograms illustrating the frequency of goethite (U-Th)/He age distribution in (a) cangas and (b) saprolites reveal the more active and recent history of
goethite cementation in cangas. The correspondence in some of the (c) major peaks in age distribution suggests that cangas and saprolites have weathered in
tandem for a long time.
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release cosmogenic 3He. Fractures that allow the preferential penetra-
tion of weathering solutions may also lead to partial hydration of
hematite–magnetite to goethite (e.g., sample G1209, Figure 7). Other
factors that may account for the variability in cosmogenic 3He
concentrations in individual canga blocks, such as complexities of
canga block geometry with respect to the surface and cosmic ray ﬂux,
or the possible rotation of the block during its weathering history, must
also be considered.
It is not our intention to address each of these issues in detail here, but
some sampling and analytical approaches may help to obviate some of
these problems. For example, to obtain a representative exposure his-
tory for a canga plateau, we sample and analyze, by both (U-Th)/He
and cosmogenic 3He, as many samples as possible, of known mineralo-
gical composition (i.e., pure hematite, magnetite, and goethite) that
represent different parts of the canga (detrital blocks, cements, cemen-
ted blocks, etc.). Although more samples would be desirable, our
record is comprehensive enough to reveal some of the most important
aspects of the weathering and erosion histories of the QF plateaus.
5.1. The Goethite (U-Th)/He Record: Chemical Processes
Controlling the Formation of Saprolites and Cangas
Weathering geochronology by (U-Th)/He analysis dates the chemical reactions and processes depicted in
Figure 8 and Table 3. As summarized in those reactions, BIFs weather through mass loss during dissolution
of interbedded carbonates, sulﬁdes, silicates, and silica minerals, producing saprolites essentially composed
of residual concentrations of friable and indurated hematite±magnetite (martite) ore. Alkali-earth elements
and Si are leached from the system, since the reprecipitation of these elements is not energetically favored
(Table 3). The scarcity of goethite suggests that iron is relatively insoluble under the conditions prevailing
in saprolites, promoting the effective leaching of all other minerals and the residual concentration of hema-
tite ± magnetite (or martite). The presence of sporadic goethite horizons or veins (Figures 3f, 5a, and 8) in
saprolites suggests that soluble ironminerals (siderite or sulﬁdes) dissolve releasing Fe2+, which is then locally
re-precipitated as goethite. (U-Th)/He ages for goethite veins in saprolites (Figures 3f, 5a, and 6; Table 1, e.g.,
SC-12-20(A)) and fragments of goethite veins in cangas (Figures 2e and 5a; Table 1, e.g., SC-12-04(B)) record,
on average, older results than those obtained for goethite cement in cangas (Figures 5a and 6; Table 1). The
results show that saprolites are older than the overlying cangas and suggest that cangas evolve by the slow
transformation of the underlying saprolite.
Figure 8. Diagrammatic illustration that shows the most relevant processes and reactions (Table 3) during weathering of
BIF to saprolite and saprolite to canga. The dashed lines illustrate the depth of erosion recorded by the weathering
proﬁles at Gandarela, Moeda, and Serrinhas.
Figure 7. Cosmogenic 3He and apparent exposure ages with depth for two drill
cores from hematite-magnetite-rich cores in cangas reveal vertical distributions
compatible with a continuous history of surface exposure (modeled results in
black) for the two blocks. The scatter in the results and lower 3He concentrations
in the near-surface environment reveals partial 3He loss during hydration of
hematite-magnetite to goethite.
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The transformation from saprolite to canga is both chemical (quartz and carbonate dissolution and leaching)
and mechanical (collapse and translocation associated with mass losses during silica and carbonate dissolu-
tion) (Figure 8). It is also strongly inﬂuenced by biological processes (Levett et al., 2016; Monteiro et al., 2014).
The most important chemical processes are the dissolution and leaching of silica, carbonates, and minor sul-
ﬁdes, and the reductive dissolution of hematite and magnetite with subsequent precipitation of goethite.
Signiﬁcant mass loss during leaching of silica and carbonates creates cavities where hematite–magnetite
beds, blocks, and loose grains fall and rotate, generating a collapse breccia. Sometimes these cavities are
not ﬁlled, resulting in vugs, caves, and karstic pipes common in cangas (Auler et al., 2014). Direct oxidation
and/or hydration of magnetite to goethite is common and energetically favored, while the direct hydration
of hematite to goethite is thermodynamically inhibited (Table 3). Reductive dissolution of hematite and
magnetite occurs throughout the history of canga formation, and it is aided by organic acids exuded by
plants and generated by the decaying biota. Soluble iron reprecipitates locally as goethite cements
(Figure 8; Table 3). Slowly, the BIF saprolite becomes devoid of silica minerals (quartz, chalcedony) and
carbonates and evolves into a duricrust composed of fragments of BIF, fragments of goethite veins, blocks
of hypogene hematite ± magnetite ore, and ﬁne grains of hypogene hematite and magnetite all cemented
by supergene goethite (and minor supergene hematite, gibbsite, and rarely chalcedony/opal) (Figure 8).
Translocation of surface material into caves and pipes contributes to the vertical mobility of iron minerals
in the weathering proﬁle. Translocated particles may be ﬁne grained and follow pathways created by plant
roots and insect (termites, ants) burrows (Shuster et al., 2012), or, more rarely, they involve centimeter- to
meter-sized blocks collapsed into caves and pipes. If erosion of the canga at the surface is slow, the canga
horizon grows with time at the expense of the underlying saprolite. If erosion surpasses the rate of propaga-
tion of the canga front, cangas are slowly eroded and eventually disappear from the landscape.
(U-Th)/He results (Figures 5 and 6) reveal that the history of mineral precipitation in cangas and the under-
lying saprolites is roughly coeval, and some of the most frequent goethite precipitation ages (e.g.,
Table 3
Chemical Reactions Illustrating the Most Important Processes During Weathering of BIFs
Saprolite to canga
Reaction 1: Fe2O3(hem) + H2O(liq) ⇔ 2 FeOOH(gth)
(177.6) (56.687) 2 (116.86) ΔG = 0.567 kcal.mol1
Reaction 2: Fe2O3(hem) + HCOOH(aq) + 4H
+⇔ 2 Fe2+(aq) + CO2(aq) + 3H2O(liq)
(177.6) (82.69) (0) 2 (18.85) (92.26) 3 (56.69) ΔG = 39.73 kcal.mol1
Reaction 3: 4 Fe2+(aq) + O2(aq) + 6H2O(liq) ⇔ 4 FeOOH(gth) + 8H
+
4 (18.85) (+3.91) 6 (56.69) 4 (116.86) (0) ΔG = 27.914 kcal.mol1
Reaction 4: 4 Fe3O4(mag) + O2(aq) + 6 H2O(liq) ⇔ 12 FeOOH(gth)
4 (242.69) (+3.91) 6 (56.687) 12 (116.86) ΔG = 95.348 kcal.mol1
Reaction 5: Al2Si2O5(OH)4(kao) + 5 H2O(liq) ⇔ 2 Al(OH)3(gib) + 2 H4SiO4(aq)
(906.84) 5 (56.687) 2 (276.1) 2 (312.66) ΔG = 12.755 kcal.mol1
Reaction 6: 2 H4SiO4(aq) ⇔ SiO2(qtz) + 5 H2O(liq)
2 (312.66) (204.75) 5 (56.687) ΔG = 137.135 kcal.mol1
Banded iron formation to saprolite
Reaction 7: SiO2(qtz) + 5 H2O(liq) ⇔ 2 H4SiO4(aq)
(204.75) 5(56.687) 2(312.66) ΔG = 137.135 kcal.mol1
Reaction 8: 4 FeCO3(sid) + O2(aq) ⇔ 4 FeOOH(gth) + 4 H2CO3 (aq)
4 (160.3) (+3.91) 4 (56.687) 4 (148.94) ΔG = 425.91 kcal.mol1
Reaction 9: 4 Fe5Al2Si3O10(OH)8(chm) + 5 O2(aq) + 10 H2O(liq) ⇔ 20 FeOOH(gth) + 4 Al2Si2O5(OH)4(kao) + 4 H4SiO4(aq)
4 (1801.20) 5 (+3.91) 10 (56.687) 20 (116.86) 4 (906.84) 4 (312.66) ΔG = 536.92 kcal.mol1
Reaction 10: CaMg(CO3)2(dol) + 2 H
+
(liq) ⇔ Ca
2+
(aq) + Mg
2+
(aq) + 2 HCO3

(aq)
(517.1) 2 (0) (132.30) (108.509) 2 (140.26) ΔG = 4.229 kcal.mol1
Reaction 11: 4 FeS2(py) + 15 O2(aq) + 10 H2O(liq) ⇔ 4 FeOOH(gth) + 8 HSO4

(aq) + 8 H
+
(aq)
4 (39) 15 (+3.91) 10 (56.687) 4 (116.86) 8 (180.4) 8 (0) ΔG = 1246.42 kcal.mol1
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32–30 Ma) measured in saprolites also occur in cangas (Figure 6). The coeval events of mineral
dissolution-reprecipitation in the duricrust and saprolite suggest that the saprolite-canga consortium
has existed for a long time and has evolved together. Goethite precipitation events detected by geochro-
nology are likely driven by changing climates (Carmo & Vasconcelos, 2004; Spier et al., 2006; Vasconcelos,
1999), as they are strongly dependent on an active biota at the surface to generate the organic acids
necessary to promote the redox-driven dissolution-reprecipitation of iron species (Figure 8; Table 3).
Peaks in the goethite (U-Th)/He record (e.g., at 32–30 Ma) likely record periods under paleoclimatic
conditions conducive to weathering. The link between paleoclimate and the history of mineral
precipitation in weathering proﬁles has been explored by several authors (e.g., Carmo & Vasconcelos,
2004; Colin et al., 2005; Hénocque et al., 1998; Vasconcelos et al., 1994, 2015), and we will not focus
on this topic here.
5.2. The Cosmogenic 3He Record: Mechanisms Controlling the Dismantling of Cangas
The combined aEAs and pAs reveal a dynamic history of evolution for the three proﬁles investigated.
Gandarela, the plateau at highest elevation, most laterally extensive, and covered by the most continuous
canga blanket, records the longest exposure and goethite precipitation histories (Figure 5; Table 2).
Detrital material derived from erosion of this plateau suggests that slow degradation of the plateau is
occurring through the breakdown of the canga and the release of hematite clasts that record an even
longer (> ~10.5 Ma) history of exposure (Figures 5a and 5c; Table 2). The geometry of canga blocks on
the surface of the Gandarela plateau (Figures 3a–3d) hints at the likely processes leading to
plateau degradation.
Typically, canga slabs protrude 20 to 50 cm from the surface and are surrounded by rills paved with detrital
canga fragments and hematite–magnetite clasts (Figures 3b–3d). These geomorphic features suggest that
the canga blanket undergoes slow in situ erosion by a combination of biogeochemical dissolution of goethite
cements and mechanical disaggregation of the brecciated material, with local release of fragments of hema-
tite±magnetite that slowly undergo hydration, partial dissolution, and transport toward the edges of the pla-
teaus (Figures 2a, 3a–3d, and 5a). These clasts must be laterally transported by intermittent surface wash
during major storms and must overcome barriers provided by surface protruding canga blocks. The clasts
must surmount traps produced by vertical cracks in the duricrust, and they must also escape recementation.
Clasts that overcome these barriers may arrive at the shoulders of the plateaus and be carried downward by
diffusive processes. Ultimately, these lag fragments fall off the edges of the plateaus and supply detrital mate-
rial to the shallow streams draining the plateaus or are incorporated into colluvia or transported cangas
shouldering the plateaus. The old aEA results for the detrital blocks eroded from the plateaus (>10.5 Ma) con-
ﬁrm that dismantling, re-cementation, and ultimately erosion of cangas supplies the detritus surrounding the
plateaus and that clasts released by canga fragmentation travel very slowly through and out of the system. It
also suggests that the current canga blanket has slowly lost some of its upper horizons by slow chemical and
physical erosion (Figures 5 and 8).
At Serra da Moeda, faster erosion of the duricrust is indicated by a thinner and discontinuous canga with
younger cements (<38 Ma) than at Gandarela. The aEAs here are relatively short (~2 Ma), also suggesting a
more active degradation of the duricrust and explaining the abundance of hematite detritus surrounding
the exposed canga surfaces (Figures 2d and 5). A similar history of canga breakdown to that proposed for
Gandarela occurs here, but the erosion history is more advanced and the current surface represents a deeper
zone of a partially eroded canga (Figures 5 and 8). The abundant detrital material travels very slowly out of
the system through rills (on plateau surfaces and shoulders, Figure 2a and 3a) and colluvia (on slopes and ter-
races, Figure 2c and 3e), as indicated by the average (8.6 ± 2.8 Ma) and maximum (10.6 ± 1.3 Ma) aEAs
obtained for detrital hematite (Figure 5; Table 2). The even greater ages (pAs of 53 to 9 Ma) of goethite
cements in detrital canga fragments from a colluvium derived from the Moeda plateau (Figures 2f and 5a)
conﬁrm the hypothesis that an older canga layer once blanketed the plateau and that this blanket has
now been eroded and its detrita redeposited locally.
The lowest elevation and most discontinuous canga blanket at Serrinhas is cemented by the youngest
goethites and also has a recent history of exposure (average aEAs ~ 2 Ma), suggesting that this plateau has
been eroded to the lowest levels of the duricrust, close to the saprolite-canga interface, when compared
to cangas at Moeda and Gandarela (Figures 5 and 8).
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5.3. Rates of Erosion for Canga Plateaus
Since we have evidence that at least some of the canga blocks have
undergone a history of protracted and continuous exposure at the sur-
face, without reburial, it is reasonable that 3He concentrations in
centimeter-size hematite-magnetite clasts, the mineral less likely to
have undergone dissolution-reprecipitation or to have translocated
up and down the proﬁle (except where caves occur), be cast in terms
of erosion rates. Calculated erosion rates are: 0.17 m.Ma1 for
Gandarela, 0.31 m.Ma1 for Serra da Moeda, and 0.28 m.Ma1 for
Serra das Serrinhas. These differences suggest that erosion rates
greater than ~ 0.25–0.30 m.Ma1 may exceed the self-healing capacity
of canga-cemented plateaus, leading to their eventual destruction
(Figure 8). When a surface becomes too narrow and steep (Figures 1a,
5, and 8), running surface water and gravitational forces may drive ero-
sion beyond the kinetic threshold of iron recementation. The eroded
canga fragments may be either removed from the system or remain
as detrital aprons on hill slopes (Figures 2a–2d and 5).
The erosion rates measured for cangas and detrital hematite-magnetite clasts are of similar magnitude as
shorter-term rates measured from quartz sands in rivers draining quartzites in the QF (Salgado et al., 2006,
2008) (Figure 9). But at a regional scale, long-term erosion rates obtained from 3He concentrations in situ
and in detrital iron oxyhydroxides are much lower than erosion rates obtained from 10Be in quartz
(Figure 9), suggesting that plateaus blanketed by cangas are more effectively shielded from erosion than
plateaus underlain by quartzites and other lithologies. This interpretation is consistent with the fact that
the summits at Serras do Gandarela, Moeda, and Serrinhas are mostly underlain by BIFs and not other
lithologies (Figures 1 and 5; Baltazar et al., 2005a, 2005b, 2005c).
5.4. Age Versus Elevation Relationships for Canga Plateaus
Monteiro et al. (2014) postulated that differences in (U-Th)/He ages for high- and low-elevation canga-
cemented plateaus in the QF originate from two possible models of landscape evolution: (1) the QF was once
equally leveled and progressively eroded forming canga plateaus at different elevations, or (2) the QF was
never leveled and cangas at higher and lower elevations evolved simultaneously. Differences in erosion rates
for low- and high-elevation surfaces (<0.17 m.Ma1 for Gandarela and 0.31 m.Ma1 for Moeda) if extrapo-
lated back in time would require an unreasonable period of ~ 600 Ma for the two plateaus to share the same
elevation. Therefore, the plateaus at Gandarela, Moeda, and Serrinhas probably evolved simultaneously on a
landscape already showing moderate relief. More rapid physical erosion of the canga blanket as the plateaus
became progressively narrower at Moeda and Serrinhas (Figure 1) likely accounts for the differences in ages,
elevations, and lateral continuity for the canga blankets overlying the various plateaus.
The mechanisms envisaged for the evolution of landscapes in the QF (plateau cementation by canga, slow
surface erosion, scarp retreat, etc.) implies that erosion is differential and that the relief increases with time
(Vasconcelos, 1998, 1999). The narrowing of plateaus suggests that the entire landscape was once covered
by a more extensive and interconnected but undulating land surface. Rounded hematite-magnetite cobbles
and pebbles in colluvia and detrital cangas imply effective material transport in a mature drainage system,
which is presently absent from the plateaus because of their limited catchment area. These river sediments
are relics of an ancient drainage system that once existed on a now mostly eroded undulating paleo-surface
that blanketed the entire region.
Despite the active histories of chemical and mechanical weathering and erosion, canga-blanketed plateaus
evolve very slowly. Slow rates of erosion elsewhere are commonly attributed to rainfall deﬁciency in semiarid
or arid conditions (Dunai et al., 2005; Nishiizumi et al., 2005; Summerﬁeld et al., 1999). The results in this study
suggest that deeply weathered BIF in tropical landscapes erode at rates equivalent to or lower than those
measured in arid or semiarid environments. The joint application of 3He and (U-Th)/He age measurements
reveal that weathering-driven armoring of the landscape by goethite cementation and recementation in iron
duricrusts offers a plausible explanation for the low rates of erosion and the preservation of continuously
Figure 9. Erosion rates derived from in situ and detrital iron oxyhydroxides (this
study) are much lower than similar rates derived from quartz (Salgado et al.,
2006, 2007, 2008), consistent with the observation that the plateaus and ridges
in the areas investigated are underlain by iron duricrusts overlying banded
iron-formations.
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exposed landsurfaces in tropical humid conditions. Investigating the
long-term evolution of these landscapes must consider the role of
weathering as an inhibitor to physical erosion, and not solely as the
process that makes erodible material from bedrock.
5.5. Cangas: Self-Healing Biogeochemical Conveyor Belts
Determining both (U-Th)/He precipitation ages and 3He exposure ages
for the same sample permits addressing some of the complexities in a
sample’s history as it is exhumed through erosion. For example, expo-
sure ages for goethite cements are either equal to or less than their pre-
cipitation ages (Figure 10), suggesting that most goethite cementation
occurs in the subsurface, where the cements reside before slowly
ascending to the surface. The biogenic processes interpreted to control
the self-healing properties of cangas (Levett et al., 2016; Monteiro et al.,
2014) may occur both at the surface and the subsurface, but a key
ingredient in goethite cementation is reduced and acidic water. Since
cangas are very porous and water readily inﬁltrates into a network of
tubules, vugs, and fractures, it is likely that this inﬁltrating water carries
organic acids leached from the surface, accumulates in subsurface void
spaces, and establishes a reducing environment that can dissolve iron
from hematite ± magnetite ± goethite (Figure 8; Table 3). Iron reprecipitation from these solutions may occur
in the subsurface by direct oxidation of aqueous Fe2+ into insoluble Fe3+-oxyhydroxides during the periodic
inﬂux of oxygenated meteoric waters, by neutralization of the organic acids during reaction with wall rock, or
by microbially induced Fe2+ oxidation (Weber et al., 2006, and references therein).
The difference in (U-Th)/He pA and cosmogenic 3He aEA for a fragment of goethite cement reveals how far
from the surface goethite cementation may have taken place and how long it took for the cement to be
brought to the surface. An alternative explanation—that cements form at the surface, translocate down into
the proﬁle, and return to the surface at a later date—is also plausible. For example, large pores, fractures, and
tubules in cangas permit the downward transport of mineral grains, and geopetal textures in root and insect
burrows reveal that downward translocation of mineral particles does occur. However, the translocated
particles are usually small (millimeter size) and wholesale transport of large canga blocks up and down the
proﬁle, although possible where caves and karstic pipes exist, is less likely than the downward movement
of weathering solutions.
Further evidence that goethite cementation takes place at depth is the presence of old goethite veins within
saprolites and the extensive iron cementation that characterize the “goethite cementation-front” at the
canga-saprolite interface. A strong piece of evidence for the precipitation of goethite cements at depth is pro-
vided by the (U-Th)/He goethite pAs from block G1209 (Figure 7). These pAs are ~2–4 Ma greater than the
cosmogenic 3He aEAs for the same block suggesting that goethite cementation took place at depth, below
the zone of accumulation of cosmogenic 3He (<~2 m). The 2–4 Ma difference between the goethite precipi-
tation age and 3He exposure ages reveals that it took ~2–4 Ma for a sample formed at >2 m depth to reach
the surface, suggesting a sample exhumation rate of ~ 0.5–1 m.Ma1, compatible with the average erosion
rates estimated above. The exhumation rate of ~0.5–1 m.Ma1 is the net rate of transfer of friable and erod-
ible material from the saprolite through the canga and to the drainage system. In other words, ~0.5–1 m.
Ma1 is the net rate of mass transfer through the canga biogeochemical conveyor belt.
6. Conclusion
The history of weathering and erosion discussed here shows that cangas are long-lasting features of BIF land-
scapes. The more extensive and continuous the canga cover, the more stable it is and the more effective its
protective power. Similarities in apparent exposure ages (aEAs) for in situ canga blocks and adjacent detrital
fragments suggest that cangas evolve by fragmentation and Fe recementation in situ (self-healing). Exposure
ages for goethite cements are either equal to or younger than their precipitation ages, suggesting either that
goethite cements formed at the surface are rapidly buried after precipitation, only returning to the surface
Figure 10. A correlation between goethite precipitation and exposure ages
suggest that the majority of the goethite cementing cangas is precipitated
and remains below the surface, suggesting that Fe cementation is primarily
occurring in the subsurface, where water rich in organic acids accumulate and
promote iron reductive dissolution, local transport, and reprecipitation. The 1:1
line (asterisk symbol) identiﬁes goethite cements that precipitated and
remained at the surface during their entire history.
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very slowly, or, alternatively, that most of the cementation of canga occurs in the subsurface. The difference
in (U-Th)/He precipitation age (pA) and cosmogenic 3He aEA for a fragment of goethite cement reveals how
far from the surface goethite cementation may have taken place and how long it took for the cement to be
brought to the surface. The combined 3He and (U-Th)/He results suggest that biogeochemical processes
interpreted to control the self-healing properties of cangas occur both at the surface but primarily at the sub-
surface. The history of weathering and erosion derived from the combined (U-Th)/He and cosmogenic 3He
records reveals that surface armoring by weathering and erosion is the primary mechanism shaping land-
scapes in ancient and deeply weathered BIF terrains.
The ultimate effect of canga in BIF landscapes is to provide a very stable and protracted transfer mechanism,
slowly converting friable and easily erodible BIF saprolite into physically resilient goethite-cemented breccias
that slowly ascend to the surface to be eventually dismantled and eroded. In that sense, cangas act as natural
conveyor belts that stabilize fragments of friable weathered BIF between their breakdown at depth until their
eventual delivery to the drainage system. A transfer rate of ~0.5–1 m.Ma1 implies that a 70 m canga cover
would need about 70–140 Ma to bring a cement formed at depth to the surface and deliver it to the
drainage system. Therefore, while the role of chemical and physical weathering in BIF landscapes is to
transform bedrock into material to be delivered to erosion, internal biogeochemical reactions in these
systems slow this transfer down to a level where the transfer mechanism itself becomes the main force
shaping the landscape.
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